Epiblast stem cells (EpiSCs) are pluripotent stem cells derived from epiblasts of postimplantation mouse embryos, and thus provide a useful model for studying ''primed'' pluripotent states. Here, we devised a simple and robust technique to derive high-quality EpiSCs using an inhibitor of WNT secretion. Using this method, we readily established EpiSC lines with high efficiency and were able to use whole embryonic portions without having to separate the epiblast from the visceral endoderm (VE). Expression analyses revealed that these EpiSCs maintained a homogeneous, undifferentiated status, yet showed high potential for differentiation both in vitro and in teratomas. Unlike EpiSCs derived by the original protocol, new EpiSC lines required continuous treatment with the Wnt inhibitor, suggesting some intrinsic differences from the existing EpiSCs. The homogeneous properties of this new version of EpiSCs should facilitate studies on the establishment and maintenance of a ''primed'' pluripotent state, and directed differentiation from the primed state.
INTRODUCTION
Epiblast stem cells (EpiSCs) are pluripotent stem cells (PSCs) derived from the epiblasts of early postimplantation mouse embryos (Brons et al., 2007; Tesar et al., 2007) . EpiSCs can proliferate indefinitely in culture and differentiate into derivatives of all three germ layers in vitro and in teratomas. However, EpiSCs possess several different characteristics compared with other PSCs such as mouse embryonic stem cells (mESCs). Whereas mESCs show dome-shaped colonies, EpiSCs show a flatter colony morphology. Other characteristics that differ between EpiSCs and mESCs are the status of X chromosome inactivation in female cells, the culture conditions needed, the expression of several genes/markers (e.g., mESC-specific Pecam1 and EpiSC-specific Fgf5), and their clonogenicity and contribution to chimeras when injected into blastocysts (Brons et al., 2007; Nichols and Smith, 2009 ). Most of these cellular characteristics of EpiSCs are shared by human PSCs such as human ESCs (hESCs) and human induced PSCs (hiPSCs). EpiSCs and human PSCs are considered ''primed'' PSCs, in contrast to ''naïve''-type stem cells such as mESCs (Nichols and Smith, 2009 ). Therefore, comparisons between EpiSCs and hESCs/hiPSCs should contribute to our understanding of the nature of the primed state and provide insights into the processes underlying the naive-to-primed state transition.
One difficulty in deriving EpiSCs is the need for microdissection of small postimplantation embryos. The original protocols used only the epiblast layer separated from the surrounding visceral endoderm (VE) tissue as a source of the cell lines. The overall efficiency of EpiSC derivation from epiblast explants varies from <10% to 40% (Brons et al., 2007; Tesar et al., 2007; Kojima et al., 2014; this study) . Han et al. (2010) reported that EpiSCs carrying the Oct4-GFP transgene contained both GFP-positive and GFP-negative populations in culture, and that the Oct4-GFP-positive minor population could contribute to the tissues of chimeras constructed by blastocyst injection, whereas the GFP-negative population could not. It is also known that EpiSCs express marker genes for the mesoderm, endoderm, or primitive streak (albeit at low levels and in conjunction with pluripotency markers), and that some of these lineage markers show heterogeneous expression among cells within the same culture (Bernemann et al., 2011; Sumi et al., 2013) . It has been suggested that this heterogeneous expression of lineage markers might predispose or prime EpiSCs toward particular cell lineages even while the cells remain pluripotent (Bernemann et al., 2011; Kojima et al., 2014) . Alternatively, the heterogeneous expression could reflect some degree of spontaneous differentiation in cultures of EpiSCs. Wnt signaling has been described as a positive regulator of self-renewal in mESCs (Hao et al., 2006; Ogawa et al., 2006; Singla et al., 2006; ten Berge et al., 2011) ; however, the involvement of the canonical Wnt signaling pathway (i.e., b-catenin-dependent Wnt signaling, as opposed to non-canonical Wnt signaling, which is b-catenin independent) in pluripotency remains controversial (reviewed by Sokol, 2011) . In fact, b-catenin null mESCs have been generated successfully in naive conditions (Lyashenko et al., 2011; Wray et al., 2011) . Interestingly, Ying et al. (2008) showed that mESCs can be maintained in the ground state when cultured in medium containing leukemia inhibitory factor (LIF) plus two inhibitors (2i) for ERK signaling and GSK3 activity. However, although the GSK3 inhibitor they used was an effective agonist of the Wnt/b-catenin signaling pathway, the maintenance of ground-state mESCs requires dual inhibition. Blocking the secretion of all WNT proteins in ground-state mESCs by deleting the Porcupine gene also proved to be compatible with pluripotency, demonstrating that the WNT protein secretion may not be necessary for pluripotency (Biechele et al., 2013) .
Given that the retention of b-catenin in the cytoplasm has been implicated in the self-renewal of both EpiSC and hESCs (Kim et al., 2013) , we reasoned that inhibition of Wnt signaling might favor the growth of primed-state PSCs, i.e., EpiSCs. Here, we devised a simple and robust technique to derive high-quality EpiSCs using the smallmolecule Wnt-inhibitor IWP-2, which acts on the protein Porcupine, blocking the secretion of WNT proteins and consequently pharmacologically inhibiting downstream Wnt signaling. Here, we show that the use of IWP-2 allows one to derive EpiSCs from epiblast cells without having to remove the VE, and to stably maintain EpiSCs by blocking the endogenous WNT-mediated spontaneous differentiation that otherwise would arise in culture. The homogeneous properties of the resulting EpiSCs at the cellular level, regarding morphology and expression of lineage markers, should facilitate studies on establishing and maintaining stable culture of cells in the primed pluripotent state, and directing differentiation from that state.
RESULTS

Critical Effect of Inhibiting WNT Secretion on EpiSC Derivation
To test our hypothesis that Wnt inhibition would enhance the efficiency of EpiSC derivation, we separated epiblasts of embryonic day 5.5 (E5.5) mouse embryos obtained from C57BL/6 (B6) 3 129S2/Sv (129) strain crosses from the VE and cultured them in EpiSC medium with or without the Wnt inhibitor IWP-2, as described in the Experimental Procedures ( Figure 1A ). Epiblast explants attached to the substratum on day 2 of culture, and epiblast cells formed flat colonies on day 3 irrespective of the presence or absence of IWP-2 ( Figure S1 ). By day 5, only the epiblast explants cultured with IWP-2 still showed flat colonies of compact cells characteristic of EpiSCs ( Figure 1B) . In contrast, explants cultured without IWP-2 gave rise to colonies with heterogeneous morphologies, and differentiated cells emerged in most cases ( Figure 1C) . At 1 or 2 days after passage 3 or 4, we examined the morphologies of ten colonies, and if more than eight of the colonies showed ''good'' undifferentiated morphologies (see Figure S1), we judged that EpiSC lines had been established. Expression of alkaline phosphatase was also examined (Figure S1) . EpiSC lines were derived from E5.5 epiblasts in the presence of IWP-2 with high efficiency (5/5), whereas EpiSC lines were established at a much lower rate in the absence of IWP-2 under our culture conditions (3/16 hybrid embryo explants; 19%) (Table 1 ). Using E6.5 embryos, we obtained essentially similar results (two lines of 24 E6.5 epiblasts (8%) in the absence of IWP-2, versus 6/6 in the presence of IWP-2; Table S1 ). These results suggest that inhibition of WNT secretion greatly enhanced the derivation of EpiSC lines.
To simplify the procedure for EpiSC derivation even further, we next tested whether IWP-2 could facilitate EpiSC isolation from embryos when the VE was left intact. For this purpose, we used parts of E5.5 embryos without removing the VE (VE+ condition) and cultured them in EpiSC medium with or without IWP-2 ( Figure 1D ). On day 3 of culture, epiblast outgrowths were visible, whereas the VE tissues had shrunk in both conditions ( Figure S1 ). Also, 86 EpiSC lines were eventually obtained from 97 VE+ embryo parts, but only when cultured with IWP-2. However, no EpiSC lines were isolated from VE+ conditions in the absence of IWP-2 (0/6 embryos; Figures 1E and 1F; Table 1 ). This result indicates that IWP-2 allowed EpiSC isolation even when the VE was present. To confirm the genome integrity of our EpiSCs, we selected two EpiSC lines obtained from a B6 3 129 strain cross and two lines from a 129 3 B6 cross, and analyzed their karyotypes ( Figures  1G-1I ). In all cases, the cells possessed normal karyotypes: more than 85% of chromosome spreads had 40 chromosomes. No bias in the sex ratio was observed in these newly derived EpiSCs (Table 1) .
We also tested another Wnt inhibitor, XAV939, which blocks the canonical pathway through inhibition of tankyrases (Huang et al., 2009 ). This inhibitor also promotes EpiSC derivation (Table 1 ; Sumi et al., 2013) and was found to be effective for stable maintenance of undifferentiated EpiSCs. Since both Wnt inhibitors with different modes of action showed similar promoting effects on EpiSC derivation, we conclude that Wnt inhibition is critical for establishing EpiSCs.
C57BL6 and its substrains are the most widely used mouse strains. They provide various biological resources and information, such as large numbers of genetically modified ESC lines and detailed available genomic data (e.g., Waterston et al., 2002) . It is desirable to have EpiSC lines from a pure B6 strain, although to our knowledge, no EpiSC lines have been established from this strain to date. Therefore, we attempted to derive EpiSCs lines from C57BL/6N embryos. By culturing VE+ epiblasts from E5.5 B6 embryos, we successfully obtained 23 EpiSC lines in 30 trials with IWP-2, as opposed to one EpiSC line out of nine attempts in the absence of IWP-2 (Table 1) . We Figure S1 .
obtained both male and female lines with no apparent sex bias, and we confirmed that three randomly selected EpiSC lines had normal karyotypes ( Figure 1I ).
Characterizations of EpiSCs Generated by Wnt Inhibition
To characterize our newly established EpiSCs, we examined the expression of pluripotency cell markers. Immunofluorescence analysis allowed us to detect the expression of SSEA1 and OCT4 in EpiSCs as well as in mESCs, whereas PECAM1 was detected only in mESCs, as reported previously ( Figures 2A-2D; Rugg-Gunn et al., 2012) . The NANOG protein was detected in the nuclei of mESCs and EpiSCs, albeit at much lower levels in the EpiSCs (Figures 2E and 2F) . It is known that one of two X chromosomes in female EpiSCs is inactivated (Bao et al., 2009) . As shown in Figures 2G and 2H , a single, strong immunofluorescence signal of histone H3K27 trimethylation (H3K27me3) was observed in the nuclei of female EpiSCs, whereas no such signals for H3K27me3 were observed in male EpiSCs, indicating that X inactivation occurred in our female EpiSC lines. Flow-cytometry analysis also confirmed that our EpiSCs were SSEA1-positive and PECAM1-negative ( Figures 2I and 2J ). Furthermore, we carried out qRT-PCR analyses to measure the expression levels of mRNAs for the mESC and EpiSC lines. As shown in Figure 2K , the EpiSC lines expressed Oct4 and Sox2 at levels similar to those observed in the mESCs. Nanog expression was much lower in our EpiSCs than in the mESCs, as expected from the immunofluorescence data described above. Three genes-Rex1, Pecam1, and Dppa3 (which are known to be highly expressed in naive mESCs)were not detected in our EpiSC lines, consistent with previous reports (Brons et al., 2007; Tesar et al., 2007) . Marker genes for epiblast (Fgf5, Cldn6, and Otx2) were expressed at much higher levels in the EpiSCs than in mESCs. We also examined marker gene expression in one of the EpiSC lines established by the original protocol, using the 129C1 line (Brons et al., 2007 ) (a gift from Dr. S. Pauklin) as a control. The expression profile of the marker genes in this cell line was essentially the same as those of our EpiSCs, except for Dppa3. These results indicate that the EpiSCs produced by our method using the Wnt inhibitor IWP-2 possess a transcription profile characteristic of ''bona fide'' EpiSCs. The population doubling time of hESCs is $36 hr, whereas mESCs have much shorter doubling times of 12-16 hr (Ware et al., 2006; Tamm et al., 2013) . Although the growth rate of mouse EpiSCs was not defined in previous studies, EpiSCs are routinely passaged every 2-3 days (Tesar et al., 2007) or every 5 days (Brons et al., 2007) , whereas mESCs are usually passaged every 2 days. Chang and Li (2013) reported that mESC-derived EpiSCs showed a population doubling time of $36 hr. Thus, one would expect murine EpiSCs to grow more slowly than mESCs. However, we noted that our EpiSCs derived in the presence of IWP-2 proliferated rapidly, and to maintain these cell lines we had to passage them routinely every 2 days. We determined the growth rates of the EpiSC lines 129Ba1, 129Ba2, and BNa17 (listed in Figure 1I ). The EpiSCs showed logarithmic growth for the first 3 days with doubling times of 11.7 hr for 129Ba1, 11.2 hr for 129Ba2, and 12.7 hr for BNa17 ( Figure 2L ). We also determined the growth rate of the 129C1 line cultured in the presence or absence of IWP-2. In regular culture conditions, 129C1 cells proliferated with a doubling time of 13.5 hr, whereas 129C1 cells in the IWP-2 medium proliferated with a 10.8 hr doubling time. We also determined the doubling time of the J1 mESC line for comparison and found it to be 16.4 hr. We noted that the 129C1 EpiSCs cultured in the IWP-2 medium showed a more homogeneous morphology than the same line cultured without IWP-2. Thus, some cells within the colonies changed from exhibiting the typical morphology of EpiSCs to displaying differentiated cells in the absence of IWP-2 (data not shown). Such spontaneous differentiation was rarely observed when the EpiSCs were cultured in the IWP-2 medium and passaged using a CTK cell dissociation solution (see Experimental Procedures).
EpiSCs Generated by the Wnt Inhibition Method Maintain Pluripotency
When IWP-2 was withdrawn from the EpiSC culture medium, our EpiSCs changed their morphologies and started to differentiate into cells expressing the mesoderm marker T or the endoderm marker GATA4 (Figures 3A, 3B , and S2). By contrast, 129C1, the EpiSC line established by the original protocol, could be maintained as an undifferentiated form in the absence of IWP-2. Flow-cytometry analysis of SSEA1-positive cells indicated that our EpiSC line downregulated SSEA1 expression, whereas a higher percentage of 129C1 cells continued to express SSEA1 4 days after IWP-2 removal ( Figure S2 ). We found that differentiating EpiSCs developed efficiently into cystic embryoid bodies (EBs) that often contained pulsating areas, most probably containing cardiomyocytes ( Figure 3C ). After 7 days of EB formation in medium containing 10% fetal bovine serum (FBS), EBs were transferred to adhesive culture plates. After 14 days of adhesive culture, neuroectodermal cells expressing NESTIN, and more mature neural cells expressing b-III tubulin (TUBB3) were detected by immunofluorescence analysis ( Figure 3D ). In addition, we readily observed cells expressing the neural cell markers in EpiSC-derived EBs cultured in serum-free conditions ( Figure S2 ) that are known to promote neural differentiation efficiently in mESC-derived EBs.
To assess the EpiSCs' potency for developing into various tissues in vivo, we carried out teratoma-formation assays using two hybrid EpiSC lines and one B6 line. Clumps of EpiSCs were injected into the kidney capsule of immunodeficient SCID mice (Bosma et al., 1983) . At 29 days and 72 days after transplantation of the hybrid EpiSC lines and the B6 line, respectively, teratomas were dissected out and subjected to histological analysis. The teratomas were found to contain extensively differentiated cell types from all three germ layers, including chondrocytes, skeletal myocytes, adipocytes, gastrointestinal epithelial cells, melanocytes, and neural cells ( Figures 3E-3J ). These results show unambiguously that the EpiSCs generated and maintained in the IWP-2 medium retained pluripotency and were able to differentiate efficiently into all three primary germ layers. Differences in WNT Sensitivity between the EpiSCs Derived by the IWP-2 Method and Those Derived by the Original Protocol As described above, EpiSC lines established in the presence of IWP-2 readily underwent differentiation after the withdrawal of IWP-2 ( Figures 3A, 3B , S2A-S2D, and S2I-S2L), whereas the 129C1 line derived by the original method could be maintained even in the absence of IWP-2. Therefore, we investigated whether Wnt signals secreted from either feeder cells or the EpiSCs themselves caused EpiSC differentiation. We examined changes in the expression of OCT4 or SSEA1 in response to WNT stimulus by immunostaining and flow cytometry. As shown in Figures S3A and S3B, WNT3A administration induced loss of OCT4 expression in 129Ba1 cells, the EpiSC line established by the IWP-2 method. In the presence of IWP-2, 129Ba1 cells showed uniform OCT4 expression in their nuclei, whereas most of the cells lost OCT4 protein by WNT3A addition and only a small subset of cells retained OCT4 expression. Flow-cytometry analysis confirmed the immunostaining data ( Figures S3E and S3F ). Because IWP-2 is an inhibitor of WNT secretion, the direct supplementation of WNT protein to the culture medium overcomes the suppressive effect of IWP-2 on the Wnt pathway. We obtained essentially the same results from an SSEA1 expression analysis: WNT3A addition caused a reduction of SSEA1 expression in 129Ba1 culture ( Figures S3I and S3J ). We performed similar experiments using 129C1 cells, the EpiSC line established by the original protocol (without using IWP-2). Unlike our 129Ba1 EpiSCs, the 129C1 cells could be maintained in an OCT4-positive pluripotent state without IWP-2, although we observed some spontaneous differentiation ( Figure S3C ). IWP-2 treatment reduced such spontaneous differentiation of 129C1, leading to a more homogeneous culture (not shown). In sharp contrast to 129Ba1, however, WNT3A addition to the 129C1 culture did not cause a reduction of OCT4-positive cells, as determined by both immunostaining and flow cytometry (Figures S3D, S3G , S3H, and S3M). Analysis of SSEA1 expression again confirmed that WNT3A addition caused only a small reduction in SSEA1 expression in the 129C1 line ( Figures  S3K, S3L, and S3N) . These results suggest that the 129C1 cells cultured in the absence of IWP-2 may be less responsive to WNT ligands than EpiSC lines such as 129Ba1 (derived using IWP-2). This result might help explain the difference between 129Ba1 and 129C1 cells: Wnt pathway-dependent differentiation is promoted by WNT3A in the former cell line, but not efficiently in the latter one.
Molecular Characterization of EpiSC Lines Established in the Presence of IWP-2
To characterize the molecular features of our EpiSC lines, we determined global gene-expression profiles using mi-croarrays and compared them with those of EpiSC lines established by other groups using conventional methods. The EpiSC lines 129Ba1 (XY) and 129Ba2 (XX) from E5.5 129 3 B6 hybrid embryos, as well as BNa17 (XY) from E5.5 B6 embryos, were cultured in the IWP-2-containing medium and analyzed. The 129C1 EpiSC line (Brons et al., 2007) and Wt1 EpiSCs (derived from B6 3 ICR embryos, a gift from Dr. M. Ema) were cultured in the absence of IWP-2 and analyzed. A 129C1 line cultured in IWP-2containing medium was also analyzed. In addition to the EpiSC lines, two mESC lines and an mESC line cultured in 2i medium (Ying et al., 2008) , and epiblast/embryonic ectoderm from E5.5, E6.5, and E7.5 mouse embryos were included in the analysis.
Principal-component analysis (PCA) of the expression profile data revealed that mESC lines, EpiSC lines, and epiblast/embryonic ectoderm were clustered at distinct positions on the PC1-PC2 plane ( Figure 4A ). Moreover, differences in the expression profiles of each group were revealed along the PC3 axis. For example, mESCs cultured in 2i medium were distantly located from mESCs cultured in KSR/ FBS-containing medium, and EpiSC lines made by the IWP-2 method were located separately from the EpiSCs established by the original method. Hierarchical cluster analysis also revealed that three groups-mESCs, epiblast/ectoderm, and EpiSCs-displayed globally different expression profiles ( Figure 4B ; Table S2 ). Although the EpiSC lines generated by the IWP-2 method exhibited profiles similar to those of EpiSCs made by the original method, they were classified into different clusters. To examine differences among the EpiSC lines, we subjected 17,819 probes that showed differential expression among EpiSCs and epiblast/ectoderm to a k-means cluster analysis, which revealed nine clusters ( Figure S4A ). Clusters 2, 3, 6, and 8 represent probes that exhibited differences between EpiSCs and epiblast/ectoderm. Clusters 1 and 5 represent genes that were upregulated in 129C1 and Wt1 cells (the EpiSC lines established without IWP-2), and cluster 9 includes genes that were upregulated in the EpiSCs made by the IWP-2 method. Cluster 1 genes are particularly interesting because they were highly expressed in 129C1 cells but were repressed when 129C1 cells were cultured in the IWP-2 medium. These genes were also suppressed in 129Ba1, 129Ba2, and BNa17 cells cultured in the IWP-2 medium, suggesting that expression of the cluster 1 genes depends on WNT secretion, and therefore these genes function downstream of Wnt signaling.
We then studied genes that were differentially expressed between 129C1 cells and those cultured in the IWP-2 medium (p < 0.05, fold change R 2.0), and performed k-means clustering again ( Figure S4B ). We found that 229 gene probes were clearly upregulated in 129C1 and Wt1 cells but were repressed in the 129C1+IWP-2, 129Ba1, 129Ba2, and BNa17 EpiSCs ( Figure S4B ). Gene Ontology (GO) analysis suggested that GO terms such as ''developmental process,'' ''anatomical structure development,'' and ''multicellular organismal development (biological process)'' were enriched in these genes. Sixty-two of the 229 129C1-upregulated genes (34.4%) were associated with the GO term ''developmental process'' and included developmental regulatory genes such as Cer1, Cfc1, Foxa2, and Sox17 (data not shown). In the GO category of molecular function, ''sequence-specific DNA binding'' was enriched, and transcription factors such as Foxa2, Gata4, Gata6, Eomes, T, and Gsc were included. In the cellular-component GO category, ''extracellular region'' was overrepresented in the 129C1-upregulated genes. Genes such as Cer1, Dkk1, and
Bmp2 are associated with this GO term. Collectively, many of the 129C1-upregulated genes that were suppressed by Wnt inhibition were developmental regulator genes acting in both extracellular and nuclear compartments.
Heterogeneous Expression of Developmental Regulators Was Suppressed in EpiSCs Cultured in the IWP-2 Medium
Next, we validated the suppression of several developmental regulators (GATA4, CER1, T, and SOX17) in 129C1 cells treated with IWP-2 by immunostaining ( Figures 5 and S5) . In 129C1 cells, GATA4-or SOX17-positive cells were clustered in OCT4-negative patches (Figures Figure S4 and Table S2 . 5A-5D). However, such GATA4-positive cells or OCT4negative regions were never observed in the EpiSCs cultured in the IWP-2 medium. Relatively large numbers of CER1-positive cells were found in the absence of IWP-2, whereas the IWP-2 treatment almost completely suppressed the expression of CER1. CER1-positive cells showed weaker OCT4 expression than the surrounding CER1-negative EpiSCs ( Figure S5C ). Small numbers of Tpositive cells were found among the colonies in the absence of IWP-2 treatment, whereas T-positive cells were hardly seen in the IWP-2 cultures. T was expressed weakly in OCT4-positive cells, whereas cells weakly positive for OCT4 showed higher expression of this marker (Figure S5D) . These results suggest that the EpiSC cultures were composed of subpopulations exhibiting different degrees of spontaneous differentiation: Cer1 was expressed in cells weakly positive for OCT4, while Gata4 and Sox17 were expressed in OCT4-negative cells. The IWP-2 treatment suppressed such developmental regulators by inhibiting WNT secretion, reducing the degree of spontaneous differentiation and thus producing a more homogeneous population of pluripotent EpiSCs. Whether or not ''undifferentiated'' EpiSCs cultured with IWP-2 differ significantly from EpiSCs cultured without IWP-2 remains to be clarified.
To address this point, we sorted SSEA1-positive cells by fluorescence-activated cell sorting (FACS) from 129C1 cells cultured with or without IWP-2, and analyzed their global gene-expression profiles. The presence of SSEA1 likely represented ''undifferentiated'' EpiSCs, as SSEA1 was uniformly expressed in the IWP-2-treated (+) EpiSCs, but a small number of SSEA1-negative cells could be found in 129C1 cells cultured without IWP-2 (-). We collected both SSEA1 ''high'' and ''low'' fractions from cultures with or without IWP-2 ( Figure S6 ) and performed microarray analysis. Although the overall profiles of the four kinds of samples were similar, significant differences could be detected. Out of 55,679 gene probes, 5,535 showed >2-fold differences between the SSEA1 high ;IWP-2(+) and SSEA1 high ; IWP-2(-) fractions. We found that 136 gene probes exhibited R10.0-fold differences between the two samples, and 101 of these were downregulated in the IWP-2(+) fraction. GO analysis of the up-or downregulated genes revealed that terms such as ''pattern specification process,'' ''regionalization,'' and ''embryo development'' were significantly enriched in the downregulated genes, whereas no GO terms were enriched in 35 upregulated genes. We noted that Gata4 or Sox17, which showed differential expression between bulk 129C1 and 129C1(+)IWP-2 cells, were not included in the data set. We next selected representative genes that exhibited significant differences between bulk 129C1 and 129C1 IWP-2(+) cells, and examined their expression in the SSEA1 high cells treated with or without IWP-2, and SSEA1 low cells treated with or without IWP-2 ( Figure S6 ). We found that these genes could be classified into at least two classes. Gata4, Sox17, Cfc1, and Cer1 were barely detectable in both SSEA1 high ;IWP-2(+) and SSEA1 high ;IWP-2(-) fractions, but were highly expressed in the SSEA1 low :IWP-2(-) cells, suggesting that these genes were more likely to be expressed in more differentiated cells than in the SSEA1 high cells, and that they could be suppressed by the Wnt inhibitor. This result is consistent with the immunostaining data showing that GATA4 and SOX17 were expressed in the OCT4-negative population of the EpiSC culture ( Figures 5A-5D ). By contrast, Foxa2, Gsc, Evx1, and T were highly expressed in the SSEA1 high ;-IWP-2(-) samples, suggesting that these genes were expressed in the SSEA1 high cells in a Wnt signal-dependent manner.
DISCUSSION
We have shown here that inhibiting WNT secretion by IWP-2 treatment was highly effective for the derivation and maintenance of EpiSCs. Expression analyses of the EpiSCs obtained by the IWP-2 method revealed that this Wnt inhibitor suppressed the heterogeneous expression of marker genes specific to the mesoderm, endoderm, or primitive streak. Thus, this inhibitor appears to play at least two roles: it favors the rapid propagation of epiblast cells and it inhibits Wnt-dependent spontaneous differentiation into particular germ-layer derivatives. As a result, we were able to obtain a homogeneous population of highquality pluripotent EpiSCs under the culture conditions we used. Cell detachment using the CTK solution was also effective for maintaining a homogeneous population. Reductions in heterogeneous gene expression have been observed in EpiSCs treated with a different Wnt inhibitor (Sumi et al., 2013) , hESCs treated with IWP-2 (Blauwkamp et al., 2012) , and hiPSCs cultured in medium containing IWP-2 (M.K., M.S., and K.A., unpublished observation). The effect of IWP-2 must be specific to the Wnt signaling pathway, as administration of the WNT ligand WNT3A could reverse the effect of IWP-2. We also demonstrated that inhibition of the Wnt canonical pathway by the tankyrase inhibitor XAV939 (Huang et al., 2009 ) resulted in the derivation of homogeneous EpiSC lines. The EpiSC lines established by our method exhibited the typical morphologies of primed PSCs, with less spontaneous differentiation compared with EpiSCs made by the original protocol, but still showed robust differentiation into various cell lineages in vitro and in teratomas.
Note that our EpiSC lines required continuous treatment with IWP-2 because removal of this Wnt inhibitor caused spontaneous differentiation. Since the original EpiSCs can be propagated without IWP-2, our EpiSCs must be distinguished from them by some intrinsic difference. There may be heterogeneities in Wnt signaling activity among epiblast cell populations, as previously observed for hESCs (Blauwkamp et al., 2012) . Given that the inhibition of WNT secretion (or inhibition of Wnt signaling) promotes rapid EpiSC expansion, cells with lower Wnt activity or responsiveness can be selected and established preferentially as EpiSCs under the original derivation conditions. On the other hand, IWP-2 blocks WNT secretion, leading to a reduced level of Wnt signaling. Since the WNT ligands available in culture would be greatly decreased, almost all of the epiblast cells, including cells with high Wnt responsiveness, would expand as EpiSCs. Therefore, EpiSCs derived by the IWP-2 method retain Wnt responsiveness and can differentiate in response to the Wnt stimulus. The fact that the 129C1 EpiSC line established by the original protocol (Brons et al., 2007) showed reduced responsiveness to WNT3A supports the notion described above.
Whether or not other existing EpiSC lines or primed PSC lines in general possess reduced Wnt responsiveness remains to be clarified. This is not a trivial question; because Wnt signaling is important for differentiation from pluripotent cells toward various cell lineages, reduced Wnt activity might hamper the subsequent differentiation processes. On the other hand, since stem cells established by the IWP-2 method retain robust Wnt responsiveness, they can be readily differentiated in various directions once IWP-2 is removed from the culture.
Global gene-expression analysis revealed that addition of IWP-2 to 129C1 EpiSC cultures suppressed the expression of a specific cluster of genes. This tight cluster of genes was highly expressed in EpiSC lines obtained by the original protocol (i.e., 129C1 and Wt1 cells), whereas it was barely detectable in the EpiSCs derived by the IWP-2 method, in 129C1 cells cultured with IWP-2, or in epiblast tissues from E5.5-E7.5 embryos. This cluster of genes is involved in the regulation of development into the mesoderm, endoderm, or primitive streak. Interestingly, some of these genes (e.g., Cer1, Dkk1, and Sox17) have been considered to be characteristic markers of EpiSCs (Brons et al., 2007; Tesar et al., 2007; Kojima et al., 2014) . However, we show here that the expression of these marker genes is not essential for the derivation and self-renewal of EpiSC lines. Our EpiSCs made by the IWP-2 method appear to represent authentic pluripotent EpiSCs, but with low levels of Wnt-induced spontaneous differentiation. In a study using XAV939 together with the Rho kinase inhibitor Y27632, Sumi et al. (2013) suggested that Wnt signaling inhibition plays a role in promoting less spontaneous differentiation. In the present study, we further demonstrated that genes suppressed by Wnt inhibition could be classified into at least two groups: one expressed in a partially differ-entiated subpopulation in EpiSC cultures (e.g., Gata4 or Sox17), and one expressed in SSEA1 high undifferentiated EpiSCs, including Foxa2, Gsc, and Evx1. Expression of genes in both classes was dependent on Wnt signaling. Therefore, the Wnt inhibitor suppressed spontaneous, Wnt-induced differentiation to endoderm or mesoderm lineages, and also suppressed the expression of Wnt-dependent genes in SSEA1 high pluripotent cells.
As variations caused by Wnt signaling could be extinguished by the IWP-2 treatment of EpiSCs made by the original protocol, comparisons of IWP-2-treated EpiSCs should now reveal molecular differences caused by genetic differences or epigenetic features that arise during the establishment of these cell lines. Through further analyses of our new version of EpiSCs, the origins of inter-and intrastrain heterogeneities and their functional consequences, as well as common and distinct features of mouse EpiSCs and human PSCs, can now be addressed.
EXPERIMENTAL PROCEDURES
Mice and Embryo Dissection
The mouse strains C57BL/6NJcl (B6) (CLEA Japan) and 129S2/Sv (129) (RBRC00123, provided by RIKEN BRC through the National Bio-Resource Project of MEXT, Japan) were used to establish EpiSC lines. SCID mice (CLEA Japan) were used for teratoma-formation assays.
E5.5 embryos were obtained from crosses of the mouse strains B6 3 129, 129 3 B6, 129 inter se, and B6 inter se. Embryos were dissected out from decidua in DMEM/F-12 containing 10% FBS, and Reichert's membrane was removed with finely sharpened tungsten needles. Epiblasts were separated from the other embryonic tissues as previously described (Sugimoto et al., 2012) . In brief, embryos were incubated in pancreatin/trypsin enzyme solution (2.5% pancreatin, 0.5% trypsin, 0.5% polyvinylpyrrolidone in Ca 2+ /Mg 2+ -free Tyrode Ringer's saline) for 15 min on ice, and the enzyme reaction was stopped in culture medium with 10% FBS. The embryonic region containing both epiblast and VE was isolated by cutting embryos at the border of the embryonic-extraembryonic portions using a pair of fine tungsten needles. The epiblast was separated from the VE by pipetting through a fine glass capillary tube.
All animal experiments were approved by the Institutional Animal Experiment Committee of RIKEN Tsukuba Institute.
Derivation and Maintenance of EpiSCs
The EpiSC culture medium was composed of DMEM/F-12 Gluta-MAX medium (Life Technologies) supplemented with 15% KSR (Life Technologies), 13 nonessential amino acids (Life Technologies), 0.1 mM 2-mercaptoethanol (Life Technologies), 0.53 penicillin/streptomycin mix (Life Technologies), 12 ng/ml of human basic fibroblast growth factor (FGF; Peprotech), and 20 ng/ml of activin A (Peprotech). The Wnt inhibitor IWP-2 (Stemgent) was added to the EpiSC medium at 2 mM when necessary. The tankyrase inhibitor XAV939 (X3004; Sigma-Aldrich) was added to the medium at 10 mM when necessary. Single epiblast explants or embryonic parts of E5.5 embryos were placed in each well of four-well dishes (Thermo Scientific) and cultured in the EpiSC medium with or without IWP-2. The four-well dishes were precoated with FBS for 1 hr at 37 C, and mitomycin C (Sigma-Aldrich)-treated mouse embryonic fibroblast feeder cells were seeded at 1.25-2.50 3 10 4 cells/ cm 2 . After 4-7 days of explant culture in the EpiSC medium, emerging colonies were cut into several pieces using a sterile 25 G (0.5 mm) needle, and detached from the dishes by gentle pipetting or scraping. The cell clumps were then plated on new dishes. EpiSCs cultured in the EpiSC medium with IWP-2 were passaged every other day and $1/8 of the cells were transferred regularly to new dishes in the same culture environment. EpiSCs were cryopreserved in FBS containing 10% DMSO (Sigma-Aldrich). Alternatively, EpiSCs were detached from the dishes by treating them with CTK solution containing 0.25% trypsin (215240; BD Diagnostic Systems), 1 mg/ml collagenase (17104-019; Life Technologies), 20% KSR, and 1 mM CaCl 2 in PBS (Suemori et al., 2006) for 1-3 min at room temperature. After excess CTK solution was removed, EpiSC colonies were resuspended in culture medium and dissociated into small cell clumps by gentle pipetting using a 1 ml micropipette. The cell clumps were plated onto new dishes for passaging.
To calculate doubling times, EpiSCs were precultured under feeder-cell-free conditions overnight. Cells were treated with 10 mM of the Rho-associated protein kinase inhibitor Y-27632 (Wako Pure Chemical Industries) for 1 hr before they were dissociated with 0.25% trypsin-EDTA (Life Technologies). EpiSCs that dissociated into single cells were suspended in EpiSC medium supplemented with 2 mM of IWP-2 and 10 mM of Y-27632, and plated into 24-well dishes precoated with FBS at concentrations of 2.0 3 10 4 cells/well. The medium was changed every 12 hr. Cell numbers were counted using an automated TC10 cell counter (Bio-Rad) every day or every other day after dissociation into single cells. The EpiSC lines described in this work will be made available to the research community through the Cell Bank of the RIKEN Bio-Resource Center (http://cell.brc.riken.jp).
Culture of mESCs
The J1 mESC line (Sado et al., 2001 ) was a gift from Dr. Takashi Sado (Kinki University). The mESCs were maintained on a feeder layer in Glasgow-minimal essential medium (G-MEM; Sigma-Aldrich) supplemented with 14% KSR, 1% ESC culture-grade FBS (Life Technologies), 1 mM sodium pyruvate (Nacalai Tesque), 13 nonessential amino acids, 0.1 mM 2-mercaptoethanol, 0.253 penicillin/streptomycin mix, and 1,000 U/ml of LIF (ESGRO; Millipore).
Karyotyping
EpiSCs were cultured in EpiSC medium containing 20 ng/ml of colcemid (KaryoMAX; Life Technologies) for 30 min and dissociated into single cells using 0.25% trypsin-EDTA (Life Technologies). After hypotonic treatment with 0.075 M KCl, EpiSCs were fixed in Carnoy's solution (methanol/glacial acetic acid 3:1). Chromosome spreads were prepared by an air-drying method (Takagi et al., 1983) on clean glass slides and stained with Hoechst 33258 (Sigma-Aldrich).
EB Formation
EpiSCs were precultured in the EpiSC medium containing IWP-2 on FBS-coated dishes without feeder cells for 2 days. EpiSC colonies were cut into small fragments using a 25 G needle, and cell clumps were cultured on a 10 cm low-cell-binding dish (Lipidure Coat; NOF) in DMEM/F-12 GlutaMAX medium supplemented with 10% FBS, 13 nonessential amino acids, 0.1 mM 2-mercaptoethanol, and 0.53 penicillin/streptomycin mix.
For neural differentiation, EBs of day 7 cultures were plated on a gelatinized glass-bottomed dish and cultured for another 14 days in the FBS medium described above. Alternatively, 10% FBS was replaced with 15% KSR, and EBs were cultured to induce neural differentiation in this medium (Eiraku et al., 2008) .
Immunofluorescence Analysis
EpiSCs and EBs were fixed with 4% paraformaldehyde in PBS at 4 C overnight. Samples were washed three times with a wash buffer (PBS containing 0.1% Tween-20), permeabilized with 0.5% Triton X-100, and incubated in 1% BSA (Sigma-Aldrich) or 5% goat serum (Jackson ImmunoResearch) to block any nonspecific binding of antibodies. Samples were incubated overnight at 4 C with a primary antibody diluted in blocking buffer (0.1% Triton X-100, 1% BSA in PBS). Primary antibodies were diluted as follows: anti-stage-specific mouse embryonic antigen (SSEA1; 1:100; Developmental Studies Hybridoma Bank); anti-OCT4 (1:300, sc-8628 [Santa Cruz Biotechnology] or ab19857 [Abcam]); anti-platelet/ endothelial cell adhesion molecule 1 (PECAM1; 1:25, 550274; BD Biosciences); anti-NANOG (1:500, RCAB0001P; ReproCELL); anti-Brachyury (T, 1:300, sc-17743; Santa Cruz Biotechnology); anti-GATA4 (1:300, sc-9053; Santa Cruz Biotechnology); antineuron-specificb-III tubulin (TUBB3; 1:100, MAB1195; R&D Systems); anti-NESTIN (1:1,000, ab81755; Abcam); anti-CER1 (1:200, AF1986; R&D Systems); and anti-histone H3K27 trimethylation (1:1,000, 07-449; Merck Millipore). The secondary antibodies were anti-mouse immunoglobulin M (IgM) tagged with Alexa Fluor 594 (1:500, A21044; Life Technologies); anti-rat IgG-Alexa Fluor 633 (1:500, A21094; Life Technologies); anti-goat IgG-Alexa Fluor 488 (1:500, A11055; Life Technologies); anti-rabbit IgG-Alexa Fluor 488 (1:500, A11008; Life Technologies); antirabbit IgG-Alexa Fluor 594 (1:500, A21207; Life Technologies); and anti-chicken IgY-DyLight 488 (1:500, 703-485-155; Jackson ImmunoResearch). Nuclei were stained with TO-PRO3 (Life Technologies). Immunofluorescence images were taken with an LSM510 meta confocal laser scanning microscope (Zeiss).
Flow Cytometry
EpiSCs or mESCs were dissociated with 0.25% trypsin-EDTA and plated for 30 min on a gelatinized dish to remove feeder cells. The cells were washed with ice-cold PBS containing 1% FBS (FBS/ PBS) and then incubated at 4 C for 30 min with primary antibodies. Primary antibodies were diluted with FBS/PBS as follows: anti-SSEA1 (0.5 mg/ml, 560079; BD Biosciences) and anti-PECAM1 (1:25, 550274; BD Biosciences). As isotype controls, mouse IgMk (0.5 mg/ml, 555581-81; BD Biosciences) and rat IgG2a (0.5 mg/ml, 14-4321-81; eBioscience) were used. The cells were then washed twice in ice-cold FBS/PBS and incubated at 4 C for 30 min with APC rat anti-mouse IgM (562032; BD Biosciences) or APC donkey anti-rat IgG F(ab 0 )2 (17-4822-82; eBioscience). The cells were washed twice in ice-cold FBS/PBS and then stained with 7-aminoactinomycin D (7-AAD, 559925; BD Biosciences) for 10 min on ice to discriminate between dead and live cells. Usually, 2 3 10 4 live cells were analyzed using an LSRFortessa cell analyzer (BD Biosciences). For sorting of SSEA1-positive EpiSCs, Alexa Fluor 488 anti-mouse/human CD15 (SSEA1, 125609; BioLegend) was used.
RNA Extraction and qRT-PCR
Total RNAs were extracted from mESCs and EpiSCs using TRizol Reagent (Life Technologies) according to the manufacturer's procedure. Each sample was treated with RNase-free TURBO DNase (Life Technologies) to remove genomic DNA contamination. Then, 2 mg of total RNA was reverse-transcribed with SuperScript III Reverse Transcriptase (Life Technologies) and oligo dT 18 primers. qRT-PCR was performed using a LightCycler 480 system (Roche Applied Science) with LightCycler 480 Probes Master mix (Roche Applied Science). Primer sequences were designed using the Roche Universal ProbeLibrary Assay Design Center web site.
Gene-Expression Profiling
A 60K mouse gene expression microarray (Agilent Technologies) was used for gene-expression profiling throughout this study. Hybridization was performed according to the protocol of the supplier. Hybridized slides were scanned using a microarray scanner (Agilent Technologies) and the signals were processed using Feature Extraction software (v. 10.5.1.1; Agilent Technologies). The processed signal data were normalized and analyzed using Gene Spring GX12.1 software (Agilent Technologies). The microarray experiments were conducted using duplicate samples.
Teratoma Formation
Teratoma formation assays were carried out as previously described (Honda et al., 2010) . In brief, 1-2 3 10 6 EpiSCs were injected under the kidney capsule of SCID mice. At 29 days and 73 days after transplantation for two of the hybrid EpiSC lines and a B6 line, respectively, teratomas were dissected out and fixed with Bouin's solution. Teratomas embedded in polyester wax were sectioned and stained with H&E.
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